Abstract-A Fabry-Perot interferometer sensor based on a fiber-tip bubble-structure micro-cavity is proposed, fabricated, and demonstrated for transverse load sensing. The micro-cavity is fabricated by using arc discharge at the end of a multimode fiber which has been processed with chemical etching.
INTRODUCTION
As one kind of optical fiber sensors [1] [2] [3] [4] [5] , fiber optic Fabry-Perot interferometers (FPIs), which offer the advantages of high resolution, compact structure and immunity to electromagnetic interference, play important roles in a large number of sensing applications such as refractive index [6] [7] [8] [9] , strain [10] [11] [12] , temperature [13] [14] [15] , pressure [16] [17] [18] and so on. Among them, the Fabry-Perot cavity which is fabricated at the fiber tip can be effectively used in space limited environment. A sealed fiber tip Fabry-Perot cavity can be fabricated by various techniques, such as sealing an etched multimode fiber [17, 18] (or hollow core fiber [16] ) by silica diaphragm, splicing a silica capillary [19] (or photonic crystal fiber [20] ) to a single mode fiber and then melting it to get a micro-cavity. The sensors based on the above-mentioned techniques require two or more components or materials, which may suffer thermal instability caused by the different thermal expansion coefficients and a relatively high cost at the same time.
In this paper, we propose a novel FPI manufacturing method. The manufacturing process can be divided into two steps: firstly, a chemical etching method was used to make a groove in the tip of a multimode fiber (MMF). Secondly, the etched fiber would be put into a fusion splicer and then a micro-cavity would be created in the tip of optical fiber by using arc discharge at the fiber end. To the best of our knowledge, this is the first time to fabricate a fiber tip bubble-structure micro-cavity only based on a single optical fiber without other components or materials involved. The transverse load and temperature response characteristics of the proposed sensor have been experimentally investigated.
SENSOR DESIGN AND FABRICATION
Chemical etching is a low-cost and easy-to-use method to make grooves in the tip of optical fibers, which has been widely used in the field of fiber sensor processing. By immersing the fiber tip in a solution of hydrofluoric acid (HF) for some time, a groove can be obtained since the chemical etching rate of the fiber core of the germanium doped silica is much faster than that of the fiber cladding of the pure silica. The scale of the groove can be changed by controlling the reaction condition, such as solution temperature, immersion time and acid concentration. In this paper, a MMF with 62.5 µm core diameter was immersed in a solution of HF 40% for 15 minutes at room temperature. After cleaning, the etched fiber would be put into a fusion splicer for further operation. The schematic diagram of the fabrication process of the fiber-tip FPI is shown in Fig. 1 . Inset (a) shows the image, obtained by the built-in optical microscopy of the fusion splicer, of the fiber tip after chemical etching compared to a well cleaved fiber end without any processing. The first arc discharge aims to seal the groove in the fiber end. Since the groove has a thin silica wall, the splicing parameters (arc current, arc time) should be adjusted to meet the requirement to seal the fiber tip and avoid the collapse of groove at the same time. In this step, the arc current of 5 mA and arc time of 600 ms are adopted for the fusion splicer (Jilong Optical Communication Co. Ltd. KL-300T). The sealed groove is shown in inset (b). After that, the second arc discharge with the arc current of 7 mA and the arc time of 1000 ms is applied on the sealed fiber-tip. During the discharge, the temperature reaches the softening point of silica and the air in the cavity expands simultaneously, which lead to the formation of the bubble-structure micro-cavity as shown in inset (c).
Although inset (c) in Fig. 1 shows a black part of the micro-cavity on the left, the cross-section of the bubble actually tends to be a circle, which means the black part of micro-cavity on the left is also hollow. This can be observed by using an external optical microscope, which is shown in Fig. 2(a) . In this case, the real length of interference cavity is approximatel 150 µm, as shown in Fig. 2(b) . Here, we'd like to point out that the micro-cavity with shorter cavity length can be obtained by reducing the arc current and arc time of the second arc discharge in the fabrication process of the micro-cavity. Fig. 2(c) and Fig. 2(d) show, respectively, the micro-cavity with cavity length about 65 µm and 100 µm. Since the reflectivity of the silica-air interface is less than 4%, the higher order reflections from these surfaces are negligible [21] . In addition, the micro-cavity has a relative thin (about 5 µm) silica wall on the right side. As a result, the sensor can be considered as a two-beam FPI with one beam from the silica-air interface on the left side of the bubble and the other from the air-silica interface on the right side of the bubble, which are indicated in Fig. 2(b) .
The current intensity of the fusion splicer plays an important role in the fabrication of the microcavity. It should be limited in a certain range, since the sealed groove we achieved after the first discharge would be burst under higher current intensity while with no obvious effect under lower intensity. In our experiments, the maximum cavity length we achieved is about 150 µm and the minimum length is about 60 µm. If a fusion splicer with the arc current and arc time which can be increased or decreased by smaller step is used, the cavity length of the micro-cavity can be more precisely controlled.
CHARACTERIZATION OF FIBER TIP MICRO-CAVITY SENSORS
Transverse load is an important detecting parameter in the field of structural health monitoring. Fiberoptic sensors based on fiber Bragg gratings [22] [23] [24] [25] [26] or long period gratings [27] have been reported for transverse load sensing. In this paper, we demonstrated that the transverse load sensing can be realized by using the proposed bubble-structure micro-cavity. Figure 3(a) shows the experimental setup of the transverse load sensing system for the proposed micro-cavity we mentioned in Figure 2 (b). A C+L Band amplified spontaneous emission (ASE) light source which covers the wavelength range from 1520 nm to 1620 nm and an optical spectrum analyzer (OSA) with a resolution of 0.02 nm are connected to the two input ports of a 3-dB optical coupler. The fiber-tip micro-cavity senor which is connected to the output port of the couple is fixed between two parallel cooper plates. The spectrum (black line) of the ASE and the measured reflection spectrum (red line) of the micro-cavity sensor under zero pressure are shown in Figure 3(b) . In our experiment, the transverse load was increasingly applied to the upper plate with a step of 0.1 N. As shown in Figure 4 (a), red shift of the reflection spectrum is observed since the micro-cavity elongates longitudinally under applied transverse load. Figure 4(b) shows the shift of the dip wavelength around 1545 nm against the applied transverse load, where a linear relationship is observed. The load sensitivity, which represented by the slope of the fitted curve, is 3.64 nm/N. The spectra response to the gradually reduced transverse load also has been investigated. For a certain load value, the reflection spectrum in load step-down process is identical with that in step-up process, which means the micro-cavity has good deformation restorability. The temperature response of the micro-cavity sensor was also investigated by inserting it inside a tube oven. The heating rate was set to be 10 • C/min, and the temperature was raised up to 1000 • C in steps of 250 • C and maintained about 30 min at each step to make sure the temperature in the furnace has been stabilized. Fig. 5(a) shows the reflection spectra of the sensor at 20 • C, 500 • C, and 1000 • C. Figure 5(b) shows the dip wavelength shift during the heating process. The temperature sensitivity of the sensor is about 2 pm/ • C. The relative low temperature sensitivity is determined by the characteristic of the air cavity. When the cavity sensor considered as a two-beam FPI, the thermal expansion of the cavity length play a main role in the temperature sensitivity since the thermo-optic effect of air can be negligible even for high temperature [13] . For pure silica material, the thermal expansion coefficient [28] , thus the theoretical value of temperature sensitivity is about 0.85 pm/ • C. The low temperature sensitivity of sensor is preferred since it effectively reduces the cross-sensitivity to temperature in transverse load sensing application.
CONCLUSION
In conclusion, a compact fiber-tip bubble-structure micro-cavity sensor has been fabricated and demonstrated for transverse load sensing. The fabrication processing of the fiber-tip bubble-structure micro-cavity has been presented in details. Reflection spectra of the proposed sensor for different transverse loads and different temperatures have been investigated, which indicates it can be used as a transverse load sensor with sensitivity of 3.64 nm/N and a low temperature sensitivity of ∼ 2 pm/ • C. The proposed sensor has the advantages of low-cost, compact size, ease of fabrication, good mechanical strength and low cross-sensitivity to temperature.
